Glomerular endothelial injury plays an important role in the pathogenesis of renal diseases and is centrally involved in renal disease progression. Glomerular endothelial repair may help maintain renal function. We examined whether bone-marrow (BM)-derived cells contribute to glomerular repair. A rat allogenic BM transplant model was used to allow tracing of BM-derived cells using a donor major histocompatibility complex class-I specific mAb. In glomeruli of chimeric rats we identified a small number of donor-BM-derived endothelial and mesangial cells, which increased in a time-dependent manner. Induction of anti-Thy-1.1-glomerulonephritis (transient mesangial and secondary glomerular endothelial injury) caused a significant, more than fourfold increase in the number of BM-derived glomerular endothelial cells at day 7 after anti-Thy-1.1 injection compared to chimeric rats without glomerular injury. The level of BM-derived endothelial cells remained high at day 28. We also observed a more than sevenfold increase in the number of BM-derived mesangial cells at day 28. BM-derived endothelial and mesangial cells were fully integrated in the glomerular structure. Our data show that BM-derived cells participate in glomerular endothelial and mesangial cell turnover and contribute to microvascular repair. These findings provide novel insights into the pathogenesis of renal disease and suggest a potential role for stem cell therapy. (Am J Pathol 2003, 163:553-562) Glomerular endothelial injury is an early event in various renal diseases, including glomerulonephritides and vasculitides, thrombotic microangiopathies and renal transplant rejection, and is viewed as a crucial factor in the progression of renal disease, regardless of the initial cause.
Glomerular endothelial injury is an early event in various renal diseases, including glomerulonephritides and vasculitides, thrombotic microangiopathies and renal transplant rejection, and is viewed as a crucial factor in the progression of renal disease, regardless of the initial cause.
1,2 Interestingly, under certain circumstances, spontaneous recovery from glomerular disease may occur. 3, 4 In experimental reversible-glomerular-injury models capillary repair was observed, characterized by endothelial cell proliferation, enhanced expression of angiogenic factors and morphological changes consistent with angiogenesis. 5 These data suggest that progressive renal failure may involve not only loss of glomerular cells but also a defective repair response. Indeed, impaired glomerular capillary repair was found to be associated with the development of glomerulosclerosis and renal failure. 6, 7 Consistently, progressive renal disease is associated with reduced expression of angiogenic growth factors and enhanced expression of antiangiogenic factors. 8 -10 Moreover, administration of the proangiogenic growth factor vascular endothelial growth factor (VEGF) has recently been shown to enhance glomerular capillary repair and accelerate renal recovery or prevent progression of renal disease in several experimental models. 11, 12 Insight into the "healing" process of the glomerular microvasculature may enhance our understanding of the pathophysiology of progressive renal failure and provide novel approaches for treatment of renal disease.
During embryonic life, glomerular microvascular development involves not only angiogenic processes such as migration and proliferation of resident glomerular endothelial cells, but also vasculogenesis, ie, de novo assembly of endothelial progenitor cells into vessels, which is followed by recruitment of pericyte-like mesangial cells. 13, 14 Recently, several investigators have established the presence of bone-marrow-derived endothelial progenitor cells in the adult circulation 15, 16 and demonstrated homing of these cells to sites of neovasculariza-tion and differentiation into endothelial cells in situ in experimental animal models for hindlimb ischemia, myocardial infarction, or tumor growth, 17 consistent with "adult vasculogenesis".
We hypothesized that even in the highly specialized adult glomerular microvasculature, repair may not only involve migration and proliferation of resident cells but also, analogous to embryonic renal development, recruitment and homing of vascular progenitors from the bone marrow. To test our hypothesis we investigated the origin of glomerular cells after induction of reversible nephritis in a rat allogenic bone-marrow-transplant model.
Materials and Methods

Animals
Male 11-week-old WAG/RijHsd (RT-1Au) (WR) and Brown Norway/RijHsd (RT-1An) (BN) rats, weighing 200 to 250 g, were purchased from Harlan (Horst, The Netherlands). The animals were kept in filter-top cages and received sterilized food and acidified water ad libitum. All protocols were approved by the ethics committee of our institution.
Bone Marrow Transplantation
Allogenic bone marrow transplantation (BMT) was performed in BN rats with WR rats as bone marrow (BM) donors to generate rat BM chimeras (WR BM 3 BN rats), as described previously. 18 In short, donor BM cells were obtained by flushing the cavity of WR rat tibias and femurs with RPMI 1640 (Invitrogen, Carlsbad, CA). A single-cell suspension was obtained by filtering the BM through a cell strainer (100-m filter, Falcon; Becton Dickinson Labware, Franklin Lakes, NJ). Recipient BN underwent whole-body ␥ irradiation with 720 cGy, administered by linear accelerator, to ablate BM. Approximately 5 hours after irradiation they received 5 ϫ 10 7 donor BM cells intravenously.
BM chimerism was evaluated in peripheral blood samples by flow cytometry. The membrane expression of WR-specific and BN-specific major histocompatibility complex class-I (MHC-I) haplotype on peripheral blood mononuclear cells was measured by direct and indirect immunofluorescence on a Calibur flow cytometer (BD Pharmingen, San Diego, CA). The following primary antibodies were used: fluorescein isothiocyanate (FITC)-labeled anti-BN-MHC-I (CL027F; Cedarlane, Hornby, Ontario, Canada), anti-WR-MHC-I (U9F4 19 ; kindly provided by J. Rozing, Groningen, the Netherlands), and secondary antibody goat anti-mouse-phycoerythrin (PE) (Southern Biotechnologies, Birmingham, AL).
Experimental Design
To investigate the involvement of BM-derived cells in glomerular repair the reversible mesangiolytic antiThy-1.1 glomerulonephritis model was used. Anti-Thy-1.1 nephritis is a well-known model to study transient immune-mediated mesangial and secondary glomerular endothelial injury, 20 most often described in Wistar rats. Because several authors have reported strain differences in response to anti-Thy-1.1, 21, 22 we first performed a series of experiments to determine optimal dose of antiThy-1.1 and course of anti-Thy-1.1-induced glomerulonephritis in our WR BM 3 BN rats. We found that in our rats the optimal dose of anti-Thy-1.1 mAb was 1 mg/kg body weight, which is similar to the dose most often used in Wistar rats. Development of proteinuria was slower in our rats as compared to Wistar rats and did not reach similar levels. Based on the pilot data we chose day 7 as timepoint for early glomerular injury. Glomerular sections obtained at this time-point showed mesangiolysis, capillary ballooning, influx of monocytes/macrophages and microaneurysm formation, similar to the glomerular injury reported in Wistar rats.
Five weeks after BMT, experimental mesangioproliferative glomerulonephritis was induced in 10 WR BM 3 BN rats by a single intravenous injection of the monoclonal antibody (mAb) anti-rat Thy-1.1 (ER4, mouse IgG2a, 1 mg per kg body weight) (t ϭ day 0). Groups of five rats each were sacrificed at day 7 and at day 28 after antiThy-1.1 injection. Five chimeric rats served as controls and were sacrificed at day 28. Additionally, 3 control WR BM 3 BN rats were sacrificed 6 months after BMT to study the presence of BM-derived cells in the kidney over time.
At the end of the experimental protocol rats were anesthetized with sodium pentobarbital (intraperitoneal injection of 60 mg/kg) and sacrificed after perfusion and excision of the kidneys. Blood was collected from the vena cava for determination of plasma creatinine. The kidneys were perfused in situ at 120 mmHg with 4°C PBS for 3 minutes to remove circulating cells from the renal vasculature. The kidneys were processed for routine histology, immunohistochemistry, and immunofluorescence double-staining. Kidney specimens were cut transversely into 3 slices. Two parts were embedded in Tissue-Tek ornithine carbamyl transferase compound (Sakura Finetek Europe BV, Zoeterwoude, The Netherlands) and snap-frozen in liquid nitrogen. One slice was fixed in 4% buffered formalin and embedded in paraffin for morphological studies.
Renal Function
Urine was collected for determination of urinary protein and creatinine excretion twice weekly between day 0 and day 28 and in all rats before sacrifice. Rats were weighed and placed in metabolic cages, with free access to food and water. Twenty-four-hour urinary protein-loss was determined by Bio-Rad Protein Assay (Bio-Rad Laboratories GmbH, Mü nchen, Germany). Plasma and urinary creatinine levels were determined colorimetrically (Sigma Diagnostics Inc., St. Louis, MO). Creatinine clearance, calculated by standard formula, was used as an estimate of glomerular filtration rate.
Renal Morphology
Renal morphology was evaluated in periodic acid-Schiff (PAS)-stained sections (3 m) by normal light microscopy (Leitz Laborlux 12; Ernst Leitz GmbH, Wetzlar, Germany). Glomerular injury was determined by assessing the percentage of glomerular sections containing one or more microaneurysms. For each kidney, cross-sections of 100 glomeruli were examined by normal light microscopy, using 250-fold magnification. Glomerular crosssections containing a minor portion of the glomerular tuft were excluded from analysis. All slides were evaluated by a blinded observer.
Immunoperoxidase Staining
Donor-derived (WR) cells were detected by immunoperoxidase in 5-m cryostat sections of WR BM 3 BN kidneys, with a specific mAb (U9F4) against MHC-I expressed on WR but not BN cells. WR specificity was confirmed in control WR and BN kidney sections. Cryostat sections were fixed in acetone for 10 minutes and air-dried at room temperature. Endogenous peroxidase activity was blocked with 5% hydrogen peroxide. Sections were incubated with 100 l U9F4, diluted in PBS (1:10), for 1 hour, followed by incubation with 100 l PowerVision goat anti-mouse poly-horseradish peroxidase-conjugates (ImmunoVision Technologies, Springdale, AZ) for 30 minutes at room temperature. To prevent non-specific binding to rat immunoglobulins, 3% normal rat serum was added. Diaminobenzidine (DAB; -Aldrich, Zwijndrecht, The Netherlands) was added as coloring substrate. Sections were counterstained with hematoxylin and mounted with pertex. Negative controls included substitution of the primary antibody with PBS or with an irrelevant murine IgG of the same subclass. Sections were analyzed by light microscopy.
Immunofluorescence Double-Staining
To identify the cell type of BM-derived glomerular cells, immunofluorescent double-staining was performed on 5-m cryostat sections. The following primary antibodies were used in combination with U9F4 to identify, respectively, donor-derived endothelial cells, mesangial cells, and monocytes or macrophages: RECA-1, a murine IgG 1 mAb against a surface antigen presented on all rat endothelial cells 23 (Serotec Ltd., Oxford, England); OX-7, a mesangial-cell-specific murine IgG 1 mAb (Serotec Ltd.); ED-1, a murine IgG 1 mAb to a cytoplasmic antigen present in monocytes and macrophages (kindly provided by Ed Dub, Department of Cell Biology, Free University, Amsterdam, the Netherlands). We used a biotin-streptavidin detection system to prevent cross-reactivity of the secondary antibodies with the anti-rat Thy1.1 mAb ER4. Primary antibodies U9F4, RECA-1, and ED-1 were biotinylated using the biotinylation reagent in the DAKO Animal Research Kit for mouse primary antibodies (DAKO, Glostrup, Denmark). OX-7 was biotinylated using Biotin (Long Arm) NHS, water soluble (NHSws; Vector Laboratories, Burlingame, CA).
After blocking of endogenous biotin activity (biotin blocking kit, Vector Laboratories), acetone-fixed sections were incubated with 100 l of the first biotinylated primary antibody (ED-1 or U9F4) for 60 minutes, followed by incubation with 100 l FITC-conjugated streptavidin (1: 100; fluorescent streptavidin kit, Vector Laboratories) for 30 minutes at room temperature. To augment the signal, the tissue sections were subsequently incubated with 100 l anti-streptavidin-FITC (1:100; Vector Laboratories) for 30 minutes. Remaining biotin binding sites were blocked (biotin blocking kit, Vector Laboratories) and sections were incubated with 100 l of the second biotinylated primary antibody (U9F4, OX-7, or RECA-1) for 60 minutes followed by incubation with 100 l tetramethylrhodamine isothiocynate (TRITC)-conjugated streptavidin (1:100; fluorescent streptavidin kit; Vector Laboratories) for 30 minutes at room temperature. Sections were air-dried and mounted with Vectashield (Vector Laboratories). To exclude the possibility that secondary antibodies were picking up the wrong primary, controls were included in which the procedure was performed with substitution of the first primary antibody with a different biotinylated control antibody or with substitution of the second primary antibody with a different biotinylated control antibody.
To further characterize the BM-donor-derived cells in the tubulo-interstitium we performed an additional immunofluorescent double-staining with U9F4 and polyclonal mouse anti-desmin (specific for myofibroblasts, activated mesangium, and podocytes) (Biogenex, Duiven, the Netherlands). Acetone-fixed cryostat sections were incubated with polyclonal mouse anti-desmin for 60 minutes at room temperature, followed sequentially by FITC-conjugated goatanti-mouse Igs (1:200), and FITC-conjugated rabbitanti-goat Igs (1:40) in PBS containing 10% normal rat serum. Endogenous biotin was blocked followed by incubation with biotinylated U9F4 and TRITC-conjugated streptavidin as described above.
Sections were numbered and evaluated by two blinded investigators. To assess the number of different cell types in the glomeruli, the amount of cells in 20 glomeruli was averaged. Cells were counted using a Leica DMR microscope (Leica GmbH, Wetzlar, Germany) at a 630-fold magnification. Cells were identified as BMderived endothelial cells, mesangial cells, or monocytes/ macrophages based on immunofluorescent doublestaining with U9F4/RECA-1, U9F4/OX-7, or U9F4/ED-1, respectively, as well as morphological characteristics. For more detailed analysis confocal laser-scanning microscopy was performed (Leica DM IRB/TCS NT; Leica GmbH).
Statistics
All values are expressed as mean Ϯ SD. Statistical significance (defined as P Ͻ 0.05) was evaluated using Student's t-test or analysis of variance where appropriate.
Results
WagRij Bone-Marrow Cells Reconstitute Lethally Irradiated Brown Norway Rat Bone Marrow
Flow cytometry of peripheral blood samples showed that at 4 weeks after BMT the BM of lethally irradiated recipient BN rats was reconstituted with WR BM cells (Ͼ75%) ( Table 1) . BM chimerism showed a gradual increase over the study period to Ͼ90% at 6 months after BMT.
WR BM 3 BN Rats Display No Evidence of Radiation-Induced Glomerular Damage
Baseline glomerular morphology in 3-m PAS-stained tissue sections was similar in WR BM 3 BN and BN rats ( Figure 1,A and B) . PAS-stained glomerular sections remained unchanged in control WR BM 3 BN rats at 6 months after bone marrow transplantation ( Figure 1C ). We also found no differences between control WR BM 3 BN and control BN in glomerular endothelial (RECA-1-positive), mesangial (OX-7-positive), or macrophage/monocyte (ED-1-positive) populations (data not shown). We did observe an increased tubulo-interstitial cell infiltrate in WR BM 3 BN compared to non-transplanted BN rats, which remained unchanged from 2 to 6 months after BMT. Baseline creatinine clearance (1.98 Ϯ 0.15 ml/min) and 24-hour protein excretion (16 Ϯ 5 mg/24 hours) in WR BM 3 BN rats were at levels similar to those observed in control BN rats (1.96 Ϯ 0.36 ml/min and 13 Ϯ 3 mg/24 hours, respectively; both P ϭ not significant). Over the study period there were also no changes in creatinine clearance (1.98 Ϯ 0.30 ml/min at 6 months after BMT; P ϭ not significant compared to controls at baseline) and proteinuria (at 6 months: 12 Ϯ 1 mg/24 hours; P ϭ not significant compared to controls at baseline).
Injection with Anti-Thy-1 Antibody Causes Reversible Glomerular Endothelial and Mesangial Injury in WR BM 3 BN Rats
Injection of anti-Thy-1.1 in WR BM 3 BN rats caused acute mesangiolysis, capillary ballooning, and microaneurysm formation, followed by a (partial) resolution phase ( Figure  1 ). Glomerular morphological changes in response to anti-Thy-1.1 injection in WR BM 3 BN rats were very similar to those previously reported in Wistar rats. 20 At day 7 after anti-Thy-1.1 administration we observed significant increases in the percentage of glomerular sections containing microaneurysms and in the number of ED-1 positive monocytes and macrophages in glomeruli. On day 28, glomerular morphology had partially recovered with The percentages of U9F4 (WR MHC-I-specific)-positive and OX-27 (BN MHC-I-specific)-positive peripheral blood leukocytes in control WR and BN rats and WR BM 3 BN rats at 4 weeks after BMT.
significant decreases in the number of microaneurysms and with reduction of the number of monocytes and macrophages ( Table 2) . No obsolescent glomeruli were observed. Urinary protein-loss was less than previously reported in Wistar rats but showed a significant increase after anti-Thy-1.1 administration from 13 Ϯ 4 (versus 16 Ϯ 5 in controls) to a maximum of 110 Ϯ 19 mg/24 hours (P Ͻ 0.05 versus controls), followed by a gradual decline to 72 Ϯ 8 mg/24 hours at 28 days after anti-Thy-1.1 injection. There was a decrease in creatinine clearance at day 7 after induction of anti-Thy-1.1 nephritis (1.06 Ϯ 0.31 versus 1.98 Ϯ 0.15 ml/min in controls; P Ͻ 0.05), followed by partial recovery at day 28 (1.31 Ϯ 0.14 ml/min).
Bone-Marrow-Derived Cells are Present in the Kidney of WR BM 3 BN Rats
Using both BN MHC-I specific U9F4-peroxidase as well as U9F4-FITC stains, we observed that all kidneys of WR BM 3 BN rats contained U9F4-positive donor-derived cells. In glomeruli of untreated chimeric rats at 2 months after BMT we found small numbers of donor-derived cells. In addition, significant amounts of U9F4-positive cells were present in the tubulo-interstitium (Figure 2 ). Using immunofluorescent double-staining we demonstrated that glomeruli contained donor-BM-derived endothelial cells, mesangial cells, and monocytes and macrophages. The number of BM-derived endothelial and mesangial cells in glomeruli showed a time-dependent increase whereas there was no significant increase in the number of donor-derived ED-1-positive cells (Table 3) .
Further characterization of the U9F4-positive, donorderived cells in the tubulo-interstitium by morphology, localization and double-staining with RECA-1, ED-1, or desmin revealed that there were low numbers of BMderived endothelial cells and monocytes/macrophages. There were also some BM-derived myofibroblasts present in the tubulointerstitium. However, the main portion of BM-derived cells could not be characterized and may include leukocytes, antigen-presenting cells, and fibroblasts.
Administration of Anti-Thy-1.1 Causes a Significant Increase in the Number of Glomerular Bone-Marrow-Derived Cells
At 1 week after anti-Thy-1.1 injection extensive loss of mesangial cells was observed in most glomeruli. If mesangial cells were visible they occasionally formed small clusters located at the vascular pole of the glomerulus. Although the total number of BM-derived mesangial cells at 1 week after anti-Thy-1.1 injection was small, with no significant increase as compared to control rats, they were often seen in these small cell clusters (Figure 3) . At 4 weeks after induction of anti-Thy-1.1 nephritis nearnormalization of the mesangium had occurred. At this time-point, a more than sevenfold increase in the number of donor-derived mesangial cells compared to control The average number (Ϯ SD) of bone-marrow-derived endothelial (U9F4/RECA-1ϩ) and mesangial (U9F4/OX-7ϩ) cells and monocytes/ macrophages (U9F4/ED-1ϩ) per glomerular section in WR BM 3 BN rats at 2 and 6 months after BMT. levels was observed (P Ͻ 0.05; Figure 4 ,D to F; Figure 5 ). These U9F4-positive mesangial cells were randomly integrated in the normalized mesangial structure. The number of BM-derived endothelial cells showed a significant, more than fourfold increase at 1 week after injection of anti-Thy-1.1 (P Ͻ 0.05) and remained high at day 28 ( Figure 4 , A to C; Figure 5 ). At both time-points these U9F4/RECA-1 double-positive cells were randomly distributed throughout the glomerulus. Anti-Thy-1.1 injection caused a significant increase in the number of monocytes/macrophages (see above). These ED-1-positive cells were almost all of donor origin (Figure 4 , G to I). All controls were negative, indicating that the biotin-blocking steps were complete and that no cross-reactivity had occurred ( Figure 6 ,A to F).
Discussion
Over the last decade it has become recognized that glomerular components, endothelial, mesangial, and epithelial cells, have a regenerative potential. It has also been demonstrated that bone marrow can give rise to mesangial as well as epithelial cells. 24 -27 Here, we report for the first time that bone-marrow-derived cells may home to injured glomerular endothelium, differentiate into endothelial cells, and participate in regeneration of the highly specialized glomerular microvasculature. In addition, we confirm previous observations that bone-marrowderived cells can replace injured mesangial cells. 24 To study the origin of glomerular cells we generated rat hematopoietic chimeras (WR BM 3 BN rats) by allogenic BMT of WR bone marrow into lethally irradiated BN recipients. At 4 weeks after BMT nearly 80% of peripheral blood leukocytes were donor-derived, an adequate level of chimerism to allow identification and quantification of donor bone-marrow-derived cells using donor WR MHC class-I haplotype-specific immunohistochemistry. In the glomeruli of control WR BM 3 BN rats we observed low levels of donor-derived endothelial and mesangial cells and a significant increase of these donor-derived cells over time, which could not be explained by an increase in hematopoietic chimerism. Previously, autoradiographic studies have demonstrated low rates of glomerular mesangial and endothelial cell proliferation in control rats, indicating low but constant rates of glomerular cell renewal of about 1% per day. 28 Our data suggest that bone-marrow-derived cells contribute to normal physiological glomerular-endothelial and mesangial cell turnover.
Experimental anti-Thy-1.1 glomerulonephritis is an established model to study mesangial and glomerular endothelial injury and repair in rats. Single injection with the complement-fixing antibody to Thy1 antigen present on the mesangial-cell membrane causes acute mesangialcell loss and matrix dissolution, leading to ballooning of glomerular capillaries, formation of microaneurysms and loss of endothelial cells, followed by a repair phase that is characterized by mesangial and endothelial cell migration and proliferation, apoptosis, and matrix expansion. 5, 20, 29, 30 In our WR BM 3 BN hematopoietic chimeras we demonstrated that anti-Thy1.1-induced glomerular injury was associated with a significant influx of bonemarrow-derived cells. Immunofluorescent double-staining with cell-specific markers revealed that these donor-derived cells included not only monocytes and macrophages, as expected, but also endothelial and mesangial cells, which were fully integrated into the glomerular structure and remained present after restoration of glomerular architecture had occurred. Our data indicate that glomerular repair cannot only be attributed to stimulation of migration and proliferation of resident mesangial and endothelial cells but also involves bone-marrow-derived cells.
The contribution of bone-marrow-derived endothelial cells to neovascularization and re-endothelialization has been addressed in various animal BMT models. Bone-marrow-derived cells have been shown to incorporate sparsely in the endothelium of "normal" blood vessels, reflecting a contribution to physiological endothelial cell turnover, significantly in neovasculature associated with hindlimb ischemia, myocardial infarction, corneal injury, retinal ischemia, cutaneous wounds, grafted aorta segments, and tumor growth. 17, [31] [32] [33] Few studies have addressed the origin of the renal vasculature. In the past there have been sparse and conflicting reports on the presence of host endothelial cells in kidney allografts. 34 -37 Recently, Lagaaij et al 38 showed that endothelial cells of human renal transplant recipients could replace those of the donor and that the extent of replacement of endothelial cells lining small renal vessels was related to the severity of vascular injury. They suggested that recipient cells may be recruited from circulating endothelial progenitor cells as a repair response. However, they did not comment on the origin of the glomerular endothelium and from their studies it is not possible to determine whether the replaced cells are bone-marrowderived or involve mature endothelial cells. We recently identified male donor-derived endothelial cells in the renal vessels of a female patient who developed thrombotic microangiopathy after sex-mismatched bone marrow transplantation, confirming integration of bonemarrow-derived endothelial cells into human renal vasculature. 39 Our current data provide evidence that bone-marrow-derived endothelial cells participate in maintenance and repair of the glomerular endothelium.
In contrast to our observations, Ito et al 24 could not find any bone-marrow-derived glomerular endothelial cells in In our experiments we observed a more than fourfold increase in the number of bone-marrow-derived endothelial cells at 7 days after induction of anti-Thy-1.1-nephritis as compared to controls, followed by a slight decrease over the next 3 weeks, suggesting a role for the bonemarrow-derived endothelial cells in glomerular repair followed by remodeling and apoptosis. The relative contribution of bone-marrow-derived endothelial cells to glomerular endothelial repair in comparison to local endothelial regeneration cannot be determined from our current data. The extensive endothelial cell loss and proliferation that has previously been reported in the antiThy-1.1 nephritis model, in addition to the focal distribution of bone-marrow-derived cells in the glomeruli, suggest that only part of the endothelial cells is bonemarrow-derived. This is consistent with previous findings in various animal neovascularization models. Interestingly, it was recently shown that bone-marrow-derived endothelial cells may not only be incorporated into foci of neovascularization but also secrete potent angiogenic ligands and cytokines. 40 Thus the presence of a relatively small number of cells may stimulate resident endothelial cells to migrate and proliferate. It is important to note that, irrespective of the proportional contribution of bone-marrow-derived cells in physiological glomerular repair, the observation that bone-marrow-derived cells have the capacity to, under certain circumstances, home to injured glomerular endothelium and differentiate into endothelial cells suggests potential new therapeutic strategies for renal disease, such as enhanced mobilization and biological modification of bone-marrow-derived endothelial progenitor cells.
Glomerular mesangial cells have been characterized as pericyte-or smooth-muscle-like cells that provide structural capillary support in the glomerulus. Previously, recovery of the mesangium after mesangial injury was thought to occur through proliferation of surviving resident intraglomerular-mesangial cells. Hugo et al 41 have demonstrated that repopulation of the mesangium in the Figure 4 . All pictures were taken with the same settings as used for Figure 4 and were processed by the same procedure. Confocal laser-scanning microscopy (ϫ630, pinhole 2.5). The following controls were included: substitution of the first primary antibody with a different biotinylated control antibody and normal second primary and substitution of the second primary antibody with a different biotinylated control antibody. A: ED-1ϩ/U9F4 control. B: U9F4 control/RECA-1ϩ. C: U9F4 control/OX-7ϩ. D: ED-1 control/U9F4ϩ. E: U9F4ϩ/RECA-1 control. F: U9F4 control/RECA-1 control. A to F: All controls were negative, indicating that the biotin-blocking steps were complete and that no cross-reactivity occurred.
anti-Thy-1.1 model involves migration of cells from the hilar area and from the extraglomerular mesangium in the juxtaglomerular apparatus. Furthermore, mature vascular endothelial cells may serve as a potential source of mesangial cells, consistent with endothelial-mesenchymal transdifferentiation observed in embryogenesis and in adult endothelium in vitro. 42, 43 Our present data show that glomerular mesangial repair in the anti-Thy-1.1 model involves bone-marrow-derived cells, confirming recent observations. 24 The results are also consistent with two recent reports which show that bone-marrow-derived cells have the potential to differentiate into mesangial cells in mice. 26, 27 Several routes have been proposed for bone-marrow-derived cells before differentiation into mesangial cells. Circulating mesangial progenitor cells may be recruited to injured mesangium through the glomerular endothelium and differentiate into mesangial cells in situ. Alternatively, bone-marrow-derived mesangial precursor cells may migrate via the juxtaglomerular apparatus into the mesangium in response to injury, consistent with the observations of Hugo et al. 41 The presence of bone-marrow-derived mesangial cells in clusters located at the vascular pole supports their migration from the juxtaglomerular apparatus.
There are some limitations to our observations. Two recent studies have demonstrated that embryonic stem cells could fuse with bone marrow cells 44 or neural cells 45 in vitro to form tetraploid hybrid cells which could adopt some of the phenotypes typical of embryonic stem-cell differentiation. We cannot exclude the possibility that some of the U9F4-positive cells in the glomeruli of our WR BM 3 BN rats may have resulted from fusion between recipient (Brown Norway) endothelial or mesangial cells and donor (Wag/Rij) bone marrow cells. However, thus far, cell fusion has only been shown in tissue culture systems, not in vivo. Furthermore, the phenomenon has been shown to occur infrequently. In our model, light microscopical evaluation or renal function tests revealed no evidence of radiation-induced glomerular injury. However, we cannot exclude the possibility that irradiation may have caused discrete glomerular injury or may have influenced turnover rates. "Dysfunction" of the resident mesangial and endothelial cell population may have caused greater bone-marrow-derived cell involvement leading to overestimation of the contribution of bone-marrow-derived cells to glomerular turnover and repair.
Our findings provide proof of principle that bone-marrow-derived cells have the capacity to participate in glomerular endothelial and mesangial repair. Several investigators have established the presence of bone-marrowderived endothelial progenitor cells in the adult circulation. 15, 16 Recent studies also suggest the presence of vascular smooth-muscle progenitor cells. 46 In experimental models cytokine or growth factor therapy to enhance endogenous endothelial progenitor cells or injection of ex vivo expanded endothelial progenitor cells have been shown to promote neovascularization in ischemic tissue. Our data suggest that progenitor-cell-based therapies may constitute novel tools in the treatment of renal disease.
